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Abstract
The ATLAS and CMS collaborations discovered a new boson particle. If the
new boson is the Higgs boson, the diphoton signal strength is 1.5 - 1.8 times
larger than the Standard Model (SM) prediction, while the WW and ZZ signal
strengths are in agreement with the SM one. In the Minimal Supersymmetric
Standard Model (MSSM), overall consistency can be achieved by a light stau
and the large left-right mixing of staus. However, a light stau and large left-right
mixing of staus may suffer from vacuum instability. We first apply the vacuum
meta-stability condition to the Higgs to diphoton decay rate in the MSSM. We
show that the vacuum meta-stablity severely constrains the enhancement to the
Higgs to diphoton rate. For example, when the lighter stau mass is 100 GeV, the
upper bound on the enhancement to the Higgs to diphoton rate becomes 25%.
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1 Introduction
The ATLAS [1] and CMS [2] collaborations at the Large Hadron Collider (LHC)
have announced the discovery of the new boson particle around the mass region of
126 GeV in the search for the Standard Model (SM) Higgs boson with significances of
6 σ (ATLAS) and 5 σ (CMS), respectively. This boson has a signal strength almost
consistent with the prediction of SM Higgs boson except in the diphoton channel. The
signal strength µ(X) is defined by
µ(X) ≡ σ(pp→ h)BR(h→ X)
σ(pp→ h)SMBR(h→ X)SM
=
σ(pp→ h)
σ(pp→ h)SM ×
Γ(h→ All)SM
Γ(h→ All) ×
Γ(h→ X)
Γ(h→ X)SM , (1)
where X indicates a final state of the Higgs decay, for example bb¯,WW or γγ. Both the
ATLAS and the CMS collaborations have reported that the observed diphoton signal
strength is 1.5− 1.8 times larger than the SM prediction value [1, 2],
µ(γγ)ATLAS = 1.8± 0.5,
µ(γγ)CMS = 1.56± 0.43. (2)
On the other hand, µ(ZZ) and µ(WW ) are consistent with the SM,
µ(ZZ(∗) → 4l)ATLAS = 1.4± 0.6,
µ(ZZ(∗) → 4l)CMS = 0.7+0.4−0.3,
µ(WW (∗) → lνlν)ATLAS = 1.3± 0.5,
µ(WW (∗) → lνlν)CMS = 0.6± 0.4. (3)
Although statistics of accumulated events are still low, this enhanced diphoton signal
strength implies various new physics models beyond the SM [3, 4, 5, 6, 7, 8, 9, 10, 11,
12, 13, 14, 15, 16, 17, 18]. The Minimal Supersymmetric (SUSY) Standard Model
(MSSM) scenarios are known to be able to enhance µ(γγ) in the decoupling limit,
where the lighter CP-even Higgs h can acquired the mass of 126 GeV [19, 20, 21, 22],
and in the non-decoupling limit, where the heavier CP-even Higgs H has the mass of
126 GeV [23, 24, 25]. In the former scenario, a light stau and the large left-right mixing
of staus can appropriately enhance µ(γγ) [19, 20, 21, 22]. However, it was pointed out
that the light stau and the large left-right mixing of staus may suffer from vacuum
instability [26, 27, 28]. For this reason, in this paper we analyze the Higgs to diphoton
rate in a broad parameter region in the MSSM, applying vacuum stability conditions.
We do not assume any particular high energy supersymmetry breaking structure. In
addition, we show that vacuum stablity severely constrains the enhancement to the
Higgs to diphoton rate, and that there is an upper bound of 25% on the enhancement
to the Higgs to diphoton rate when the lighter stau mass is larger than 100 GeV.
This paper is organized as follows. In section 2, the enhancement to the diphoton
signal strength µ(γγ) in the MSSM will be reviewed, and the necessity for light stau
and large left-right mixing of staus will be discussed. In section 3, we will discuss the
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vacuum meta-stability of staus. In section 4, we will analyze numerically the Higgs to
diphoton rate under the stau vacuum meta-stability condition in a broad parameter
region. Section 5 is devoted to our conclusions and discussion.
2 Corrections to the signal strength from the MSSM
sector
In this section, let us briefly review the enhancement to the diphoton signal strength
µ(γγ) in the MSSM.
In general, Eq. (1) implies that there are three ways to enhance the diphoton signal
strength µ(γγ). The first way is to enhance the Higgs production cross-section σ(pp→
h). Since the Higgs production cross-section is dominated by gluon fusion σ(gg → h),
this can be achieved by simply adding new colored particles [29, 22]. The second way
is to suppress the Higgs total decay width Γ(h→ All). Since the Higgs mainly decays
into bb¯, one should suppress the Higgs to bb¯ partial width Γ(h → bb¯). For example,
in the MSSM, large squark left-right mixing parameters, a small CP-odd Higgs mass
(MA ), and a moderate value of tan β ( 〈H0d〉 = v1 = v cos β, 〈H0u〉 = v2 = v sin β,
tanβ = v2/v1 and v ≃ 174 GeV) can lead to the desired suppression of the Higgs
to bb¯ partial width, so-called “small αeff scenario” [30]. Singlet multiplets extended
MSSM (e.g. NMSSM) can also lead to suppress the Higgs to bb¯ partial width because
of singlet-doublet Higgs mixing effects [31]. The last way is to enhance the Higgs to γγ
partial width Γ(h→ γγ) itself. However, since these three ways are intricately related,
the analysis of enhancement to the diphoton signal strength is involved.
In the MSSM, if one takes the observations Eqs. (2) and (3) into account, the sit-
uation becomes somewhat simplified. Eq. (1) also implies that the first two ways are
independent of the Higgs decay channel (X), and only the third pattern depends on
the Higgs decay channel. In addition, in the MSSM, the Higgs to WW and ZZ partial
widths are almost equal to the SM values, since only gauge couplings contribute at
leading order and SUSY particle contributions receive loop suppression. Therefore, if
one employs the first or second way to enhance the diphoton signal strength, additional
enhancement to the WW and ZZ signal strengths are inevitable. However, in fact,
the observed signal strengths except for diphoton, particularly for WW and ZZ are
in good agreement with the SM prediction in the range of 1 σ [1, 2]. Hence, in the
following, we assume that σ(pp → h)/σ(pp → h)SM × Γ(h → All)SM/Γ(h → All) is
almost unity, and we consider only the third way. For that reason, we have investi-
gated not the diphoton signal strength µ(γγ) but the Higgs to diphoton partial width
as compared with the SM prediction Γ(h→ γγ)/Γ(h→ γγ)SM in detail in this paper.
In the MSSM, the Higgs to diphoton partial width arises dominantly from the W
boson loop, and sub-dominantly from the top quark loop. An analytic expression for
the Higgs to diphoton partial width is given in Refs. [32, 33] and it is rewritten as
follows,
Γ(h→ γγ) = α
2m3h
1024pi3
∣∣∣∣∣ghWWm2W Ah1(τW ) +
∑
f
2ghff
mf
Nc,fQ
2
fA
h
1
2
(τf) + A
hγγ
SUSY
∣∣∣∣∣
2
, (4)
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where τi = m
2
h/4m
2
i , mh is the lightest CP-even Higgs mass, Nc,i is the number of
colors of particle i, Qi is electric charge of particle i, and
AhγγSUSY =
∑
f˜
ghf˜ f˜
m2
f˜
Nc,f˜Q
2
f˜
Ah0(τf˜ ) +
∑
i=1,2
2ghχ+
i
χ−
i
mχ±
i
Ah1
2
(τχ±
i
) +
ghH+H−
m2H±
Ah0(τH±), (5)
with loop functions Ai(τ)
h the Higgs coupling constants g given in Appendix A.
At the heavy particle loop limit τi ≪ 1, the loop functions Ai(τ)h take the following
asymptotic value,
Ah1 → 7, Ah1
2
→ −4
3
, Ah0 → −
1
3
. (6)
Since the Higgs mass is 126 GeV and the top quark mass is 173.2 GeV [34], the loop
functions of W and top quark loop are given by
Ah1(τW ) = 8.36, 3×
(
2
3
)2
×Ah1
2
= −1.84. (7)
The Charged Higgs loop cannot sufficiently enhance the Higgs to diphoton rate since
the Higgs coupling constant (ghH+H−) is dominated by gauge couplings. The Chargino
loop also cannot account for sufficient enhancement for the same reason and by tan β
suppression [35]. On the other hand, since sfermions with large left-right mixing can
have a large Higgs coupling constant (ghf˜f˜ ), a light sfermion loop can sufficiently en-
hance the Higgs to diphoton rate. A light stop and sbottom loop, however, would
not be appropriate to enhance the diphoton signal strength. These loops usually bring
larger suppression of the gluon fusion rate than the enhancement of the Higgs to dipho-
ton rate [29, 19]. This is the reason that the Higgs to diphoton amplitude is dominantly
constructed by a W boson loop, but the hgg amplitude is dominantly constructed by
a top quark loop. On the other hand, a stau loop does not influence the gluon fusion
since stau does not carry color charge. Hence, in the MSSM, only a stau loop would
be appropriate to enhance the diphoton signal strength.
The stau loop correction to the Higgs to diphoton amplitude is roughly proportional
to |mτµ tanβ|/m2τ˜1 in the large µ tanβ region, where mτ˜1 is the lighter stau mass. The
corresponding Feynman diagram is shown in Figure 1. Light stau and large left-right
mixing, i.e. large µ tanβ, can sufficiently enhance the Higgs to diphoton rate, so-called
“light stau scenario” [19, 21, 24, 22]. We obtain a simple formula for the leading stau
corrections as follows,
Γ(h→ γγ)
Γ(h→ γγ)SM ≃
(
1 +
∑
i=1,2
0.05
mτµ tanβ
m2τ˜i
xτiLx
τi
R
)2
, (8)
where stau mass eigenstates are given by τ˜i = x
τi
L τ˜L + x
τi
R τ˜R, (x
τi
L )
2 + (xτiR)
2 = 1.
Furthermore, the light stau scenario is also motivated by the anomalous magnetic
moment of the muon [21, 36], where a 3.2 σ discrepancy between the experimentally
measured value aexpµ and the theoretical prediction value in the SM a
SM
µ , ∆aµ = a
exp
µ −
4
τ˜L
τ˜R
h
γ
γ
Figure 1: Feynman diagram which gives rise to an enhancement to the Higgs to dipho-
ton rate in the mass insertion method. The cross represents the left-right mixing of
staus.
aSMµ = (26.1 ± 8.0) × 10−10 [37] is observed. The reason for this is that light stau is
compatible light µ-slepton when one considers high energy physics, and light µ-slepton
and large tan β are favored to explain the discrepancy of the anomalous magnetic
moment of the muon [38].
3 The Vacuum meta-stability constraints
In the MSSM, the large left-right mixing of staus can enhance the Higgs to diphoton
rate as compared to the SM prediction. However, it is known that large left-right
mixing and thus large µ tanβ may suffer from vacuum instability [26, 27]. The scalar
potential develops the new charge-breaking minimum which leads to the L˜ 6= 0 or
τ˜R 6= 0 vacuum for sufficiently large µ tanβ. And then, the minimum becomes lower
than the ordinary electroweak-breaking minimum which leads to the L˜ = 0 and τ˜R = 0
and v 6= 0 vacuum. In order to prohibit vacuum decay to charged-breaking vacuum,
the lifetime of the electroweak-breaking vacuum is required to be longer than the age
of the universe.
The vacuum transition rate from the false vacuum to the true vacuum can be eval-
uated by semiclassical technique [39]. Then, the imaginary part of the energy of the
false vacuum determines the vacuum transition rate to the true vacuum. In the semi-
classical technique, one evaluates the energy of the false vacuum state using the path
integral method in Euclidean space-time. The vacuum transition rate per unit volume
is evaluated as follows,
Γ
V
= Ae−B, (9)
where a precise value of the coefficient A is difficult to evaluate. However, it does not
depend dramatically on the parameters of the theory, and one can roughly estimate it
at the fourth power of the typical scale in the potential,
A ≃ (100 GeV)4. (10)
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In contrast, the power index B is a sensitive parameter of the vacuum transition rate
per unit volume. It can be evaluated by an O(4) symmetric solution as follows,
B = SE [φ¯(ρ)]− SE [φf ], (11)
where ρ is a radial coordinate in four-dimensional spacetime, SE[φ] is the Euclidean
action as follows,
SE [φ(ρ)] =
∫ ∞
0
2pi2ρ3dρ
[
1
2
(
dφ
dρ
)2
+ V (φ)
]
, (12)
φf is the value of the fields at false vacuum and φ¯ is the bounce configuration. The
bounce configuration is a stationary point of the action and also satisfies the following
boundary condition,
lim
ρ→∞
φ¯(ρ) = φf ,
dφ¯(ρ)
dρ
∣∣∣∣
ρ=0
= 0. (13)
On the other hand, the current value of the Hubble parameter given by H0 ≃ 1.5×
10−42 GeV. When the vacuum transition rate per unit volume Γ/V is smaller than
the fourth power of H0, i.e. the lifetime of false vacuum is longer than the age of the
universe, the power index B is larger than 403.6. Therefore, the vacuum meta-stability
condition is approximately given as follows,
B & 400. (14)
A first study of the meta-stability condition of the stau sector has been conducted
in Ref. [28], where the bounce configuration in three-field space (up-type neutral Higgs
field and left- and right-handed stau field) was evaluated numerically. This study
was done at tree level which only includes the dominant top/stop loop correction. The
scalar potential, expanded around the electroweak-breaking vacuum in three-field space
is given as follows,
V =
1
2
m2Z sin
2 β(1 + ∆t)φ
2 + (m2
L˜
+
g2 − g′2
4
v22)L˜
2 + (m2τ˜R +
g′2
2
v22)τ˜
2
R
−2yτµL˜τ˜R(v2 + φ√
2
) +
g2 − g′2
2
√
2
v2φL˜
2 +
g′2√
2
v2φτ˜
2
R +
m2Z sin
2 β(1 + ∆t)
2
√
2v2
φ3
+
m2Z(1 + ∆t)
16v2
φ4 +
g2 + g′2
8
L˜4 +
g′2
2
τ˜ 2R + (y
2
τ −
1
2
g′2)L˜2τ˜ 2R +
g2 − g′2
8
φ2L˜2
+
g′2
4
φ2τ˜ 2R, (15)
where H0u = v2 + φ/
√
2 and ∆t is the leading log term of the one loop corrections for
top/stop loops,
∆t =
3
2pi2
y4t
g2 + g′2
log
√
m2
t˜1
m2
t˜2
m2t
. (16)
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When the Higgs boson mass accomplishes 126 GeV, ∆t has to be about 1. The scalar
potential Eq. (15) includes only real parts of scalar bosons. Note that because the
tau Yukawa coupling is yτ = mτ/v1, the first term in the second line of Eq. (15) is
proportional to µ tanβ for large tan β. Therefore, this term can make a new minimum
point of the scalar potential and thus has negative influence on vacuum stability.
The obtained approximate meta-stability conditional function [28] is as follows,
|µ tanβ| < 76.9√mL˜mτ˜R + 38.7(mL˜ +mτ˜R)− 1.04× 104 GeV. (17)
Note that the vacuum meta-stability condition is sensitive only tom2
L˜
, m2τ˜R and µ tanβ,
but not tanβ or µ itself, and neither ∆t nor Aτ . In Ref. [28], it is assumed that the
H0u mass term, µ
2 +m2Hu , is negative in order to get a vacuum expectation value v2.
However, it is known that even when µ2+m2Hu is positive, correct electroweak symmetry
breaking can be accomplished because when the H0d component is integrated out, the
H0u mass term can become effectively negative [40]. Therefore, whether µ
2 + m2Hu
is negative or not, the vacuum condition does not change. In order to check this,
we analyzed the shape and the global minimum of the scalar potential and probed
the upper bound of µ requiring that the electroweak-breaking minimum is the global
minimum (see Appendix B). As a result, we found that regardless of the sign of m2Hu ,
the parameter m2Hu does not affect the upper bound of µ.
We applied this vacuum meta-stability condition to the Higgs to diphoton rate. This
condition means that large µ tanβ and small stau mass are severely restricted. As a
result, the enhancement to the Higgs to diphoton rate by light stau loop is also severely
restricted.
4 Numerical analysis
In this section, we analyze numerically the Higgs to diphoton partial width as com-
pared with the SM prediction Γ(h → γγ)/Γ(h → γγ)SM and apply the stau vacuum
meta-stability condition to the Γ(h→ γγ)/Γ(h→ γγ)SM in a broad parameter region.
The lower bound of the stau mass is obtained by various collider experiments [41],
mτ˜1 > 81.9 GeV, (18)
and we naively adopt the lower mass boundmτ˜1 ≥ 100 GeV in the following calculation.
In Figure 2, the dependence of Γ(h → γγ)/Γ(h → γγ)SM in the µ − mL˜ plane for
mτ˜R = mL˜ (left-hand side), as well as in the mL˜ −mτ˜R plane for µ = 600 GeV (right-
hand side) are shown. Solid lines represent contours of Γ(h → γγ)/Γ(h → γγ)SM.
Dashed lines represent contours of the lighter stau mass mτ˜1. The gray (dark gray)
areas are the regions where the lighter stau is tachyonic. The yellow (mostly white)
areas are mτ˜1 ≥ 100 GeV. In addition, the red (gray) areas are the regions where
the vacuum meta-stability condition (17) is broken. We considered fixed values of
tanβ = 20 (top panel) and tan β = 60 (bottom panel). In all panels, MA = 1 TeV,
M3 = 1 TeV, M2 = 300 GeV, Aτ = 0 GeV, mQ˜3 = mt˜R = mb˜R = 850 GeV, other
squark masses are 1 TeV and At = 1.7 TeV, which gives mh ∼ 126 GeV at the two
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Figure 2: Solid lines are contour plots of Γ(h → γγ)/Γ(h → γγ)SM, in the µ − mL˜
plane for mτ˜R = mL˜ (left side), as well as in the mL˜ −mτ˜R plane for µ = 600 GeV
(right side). tan β = 20 (top) and tanβ = 60 (bottom). In all panels, MA = 1 TeV,
Aτ = 0 GeV, mQ˜3 = mt˜R = 850 GeV and At = 1.7 TeV giving mh ∼ 126 GeV at the
two loop level. Dashed lines are contour plot of the lighter stau mass mτ˜1. The red
(gray) areas are breaking the vacuum meta-stability condition. The gray (dark gray)
areas are the regions where the lighter stau is tachyonic.
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Figure 3: The upper bound line of Γ(h→ γγ)/Γ(h→ γγ)SM as a function of µ tanβ, for
tanβ = 50, varying mL˜ and mτ˜R with remaining the lighter stau mass mτ˜1 = 100 GeV.
Other parameters take the same value as Figure 2. If we would not consider the vacuum
stability, the upper bound of Γ(h→ γγ)/Γ(h→ γγ)SM is given by the dashed line.
loop level. In our calculation, the value of Γ(h→ γγ) contains not only the stau loop
but the full one loop order. We have checked that the results are only sensitive to
mL˜, mτ˜R, µ and tanβ. On the other hand, however, we have checked that they are
insensitive to the Higgs mass.
For tan β = 20, the enhancement to Γ(h → γγ)/Γ(h → γγ)SM is small in the
low µ region. In the high µ region, however, the enhancement becomes gradually
large along light stau region. The vacuum stability condition (17) has given weak
constraint to Γ(h → γγ)/Γ(h → γγ)SM. In fact, when µ = 600 GeV, there are no
constraints from the vacuum stability in the mτ˜1 ≥ 100 GeV region. Here, the case
of mL˜ = mτ˜R ∼ 170 GeV gives a maximum enhancement of the diphoton rate around
10 %. On the other hand, for tanβ = 60, the enhancement of Γ(h→ γγ)/Γ(h→ γγ)SM
is larger than for tanβ = 20. However, the enhancement receives more severe constraint
from vacuum stability. As can be seen from the lower left and right panels of Figure 2,
large enhancement arias are violating the vacuum stability. After all, for tanβ = 60,
the enhancement of the diphoton rate only reaches around 20 %.
Next, we show the upper bound line of Γ(h → γγ)/Γ(h → γγ)SM as a function of
µ tanβ, varying mL˜ and mτ˜R while remaining the lighter stau mass mτ˜1 = 100 GeV,
see Figure 3. We fixed tan β = 50, and all other parameters take the same values
as Figure 2. In the low µ tanβ region, µ tanβ . 24 TeV, there are no constraints
from vacuum stability for mτ˜1 ≥ 100 GeV, like these encountered in the upper right
panels of Figure 2. Note that the peak at very low µ tanβ is caused by the light
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chargino loop. On the other hand, in the high µ tanβ region, 24 TeV . µ tanβ,
the vacuum stability condition line and the mτ˜1 = 100 GeV line begin to cross like
in the lower right panels of Figure 2. Hence, vacuum stability severely constrains
Γ(h → γγ)/Γ(h → γγ)SM. If we would not consider the vacuum stability, the upper
bound line of Γ(h→ γγ)/Γ(h→ γγ)SM would be given by the dashed line. Note that
although in Figure 3 we fixed tanβ = 50, we have checked that these results are in
fact insensitive to tanβ , but sensitive to µ tanβ. The reason is that the stau mass
matrix, the vacuum stability condition (17) and the ratio Γ(h → γγ)/Γ(h → γγ)SM
are dependent on the form of µ tanβ in the large µ tanβ region. Thus we found that
the Higgs to diphoton decay rate can increase only by 25% compared to SM value, at
µ tanβ ∼ 24 TeV in the MSSM.
For completeness, we probed the distribution of Γ(h → γγ)/Γ(h → γγ)SM by scan-
ning the parameter space of the MSSM. Although there are many parameters in the
MSSM, most of them (for example, M2 and MA) hardly influence the upper bound of
Γ(h→ γγ)/Γ(h→ γγ)SM and we have checked this numerically. Therefore, we scanned
only those parameters sensitive to Γ(h→ γγ)/Γ(h→ γγ)SM as follows,
100 GeV ≤ mL˜ ≤ 1 TeV,
100 GeV ≤ mτ˜R ≤ 1 TeV,
200 GeV ≤ µ ≤ 1.5 TeV,
20 ≤ tanβ ≤ 60. (19)
We considered a total of one million points, where all input parameters are value of
the low energy scale. Scatter plots of the results are drawn in Figure 4. We show
Γ(h → γγ)/Γ(h → γγ)SM as a function of µ tanβ (left panel), tanβ (right panel)
and the lighter stau mass mτ˜1 (bottom panel) in the MSSM. The other parameters of
Eq. (19) take the same values as Figure 2. The red (dark gray) circles denote the case
of violating vacuum meta-stability and mτ˜1 > 0 GeV. The gray circles denote the case
of satisfying vacuum meta-stability and 100 GeV > mτ˜1 > 0 GeV. The blue (black)
circles denote the case of satisfying vacuum meta-stability and mτ˜1 > 100 GeV.
In the panel plotted as a function of µ tanβ, the upper bound line of Γ(h →
γγ)/Γ(h → γγ)SM (the blue (black) circles) reproduced the results of Figure 3. Note
that since we scanned mL˜, mτ˜R < 1 TeV, the upper bound line of Γ(h → γγ)/Γ(h →
γγ)SM could not be reproduced in the large µ tanβ region. In the panel plotted as
a function of tan β, we found that the upper bound of Γ(h → γγ)/Γ(h → γγ)SM is
independent of tanβ. This implies that the upper bounds are determined only by the
value of µ tanβ. Finally, in the last panel (plotted as a function of mτ˜1), we found that
Γ(h → γγ)/Γ(h → γγ)SM is severely constrained by the vacuum stability in the light
stau mass region. As a result, in the case of mτ˜1 = 200 GeV, 120 GeV, 100 GeV and
80 GeV, the upper bounds of the enhancement are 9%, 20%, 25% and 40%, respec-
tively. Without considering vacuum stability, in the case of mτ˜1 = 100 GeV, the upper
bound of the enhancement is as large as 100% in the scanned parameters region (19).
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Figure 4: The scatter plots of Γ(h→ γγ)/Γ(h→ γγ)SM as a function of µ tanβ (left),
tanβ (right) and the lighter stau mass mτ˜1 (bottom) in the MSSM. Parameter scan
ranges are shown in Eq. (19), and other parameters take the same values as Figure 2.
The red (dark gray) circles denote the case of violating vacuum meta-stability and
mτ˜1 > 0 GeV. The gray circles denote the case of satisfying vacuum meta-stability and
100 GeV > mτ˜1 > 0 GeV. The blue (black) circles denote the case of satisfying vacuum
meta-stability and mτ˜1 > 100 GeV.
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5 Conclusions and Discussion
In this paper, motivated by recent observations of an enhanced diphoton Higgs decay
and consistent WW / ZZ Higgs decay, we first analyzed the ratio Γ(h→ γγ)/Γ(h→
γγ)SM in a broad parameter region in the MSSM while applying the stau vacuum
meta-stability conditions. We found that the parameter regions of large enhancement
to Γ(h → γγ)/Γ(h → γγ)SM are severely constrained from vacuum stability. We
showed that in the case of the lighter stau mass mτ˜1 = 200 GeV, 120 GeV, 100 GeV
and 80 GeV, the upper bounds on the enhancement to the Higgs to diphoton rate
are 9%, 20%, 25% and 40%, respectively. Especially, in the case of mτ˜1 = 100 GeV,
µ tanβ ∼ 24 TeV gives the largest enhancement to the Higgs to diphoton rate.
This result implies that if the stability of the scalar potential is taken into considera-
tion, a large deviation between the diphoton and WW/ZZ signal strengths can not be
achieved in the MSSM. Another implication is that if we require a 30% enhancement
to the diphoton signal strength in the MSSM, σ(pp → h)/σ(pp → h)SM × Γ(h →
All)SM/Γ(h → All) is required to be enhanced, and hence an enhancement to the
WW/ZZ signal strength becomes inevitable.
Note that the vacuum stability condition used in this paper arises from the tree-level
scalar potential [28]. One should take into account the vacuum stability condition
which includes higher-order correction since the parameter regions which can enhance
the diphoton rate would receive large higher-order corrections. However, the estimation
of the vacuum stability condition which includes higher-order correction is complicated
and the author reserves the study of the higher-order vacuum stability condition for
future work.
Furthermore, note that not only in the MSSM but also in general models, “light
charged scalar particles scenarios” or “light charged vector-like lepton scenarios” would
need large cubic or large quartic interaction with the Higgs boson in order to enhance
the diphoton signal strength [3, 9]. Large cubic scalar interaction, however, may suffer
from vacuum instability just like the MSSM. Also, large quartic interaction may suffer
from vacuum instability when dimensionless couplings become negative values, and
from Landau poles when dimensionless couplings rapidly blow up at high scales. Hence
in the light charged scalar particle or vector-like lepton scenarios, the consideration of
the vacuum stability and Landau pole is desirable.
At the end of this project, the Ref. [42] was posted on arXiv. The authors of this
paper also first applied the vacuum meta-stability to the diphoton signal strength in
some gauge mediation models. As a result, they showed that the parameter regions
which are consistent with the Higgs mass and muon g − 2 can enhance the BR(h →
γγ)/BR(h→ γγ)SM to 20%− 30%.
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Appendix
A Loop functions and Higgs couplings
The Loop functions Ahi (τ) are given as follows
Ah1(τ) = 2 + 3τ + 3τ(2− τ)f(τ),
Ah1
2
(τ) = −2τ (1 + (1− τ)f(τ)) ,
Ah0(τ) = τ(1 − τf(τ)), (20)
and
f(τ) =


arcsin2(
√
1
τ
), if τ ≥ 1,
−1
4
(
ln ( η+
η−
)− ipi
)2
, if τ ≤ 1,
(21)
where
η± ≡ (1±
√
1− τ ). (22)
In the MSSM, the Higgs coupling constants are given as follows
ghWW =
g2v√
2
sin(β − α), (23)
ghff(up type) =
mf√
2v
cosα
sin β
, (24)
ghff(down type) =
mf√
2v
− sinα
cos β
, (25)
ghf˜if˜i(up type) =
(
(−I3,L + (I3,L + YL) sin2 θW ) gmZ
cos θW
sin(α + β) +
√
2m2f
v
cosα
sin β
)
(xfiL )
2
+
(
−YR sin2 θW gmZ
cos θW
sin(α + β) +
√
2m2f
v
cosα
sin β
)
(xfiR )
2
+
√
2mf
v
µ sinα + Af cosα
sin β
xfiL x
fi
R , (26)
ghf˜if˜i(down type) =
(
(−I3,L + (I3,L + YL) sin2 θW ) gmZ
cos θW
sin(α + β)−
√
2m2f
v
sinα
cos β
)
(xfiL )
2
+
(
−YR sin2 θW gmZ
cos θW
sin(α + β)−
√
2m2f
v
sinα
cos β
)
(xfiR )
2
−
√
2mf
v
µ cosα + Af sinα
cos β
xfiL x
fi
R , (27)
ghχ+
i
χ−
i
=
g√
2
(−Vi1Ui2 sinα + Vi2Ui1 cosα) , (28)
ghH+H− = g
(
mW sin(β − α) + mZ cos 2β
2 cos θW
sin(α + β)
)
, (29)
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where YL/R and I3,L/R are hypercharge and isospin of left/right-handed sfermion,
sfermion mass eigenstates are f˜i = x
fi
L f˜L + x
fi
R f˜R, θW is the Weinberg angle, and α
is a rotation angle which translates the gauge-eigenstate basis CP-even Higgs mass
matrix into the mass-eigenstate basis. The chargino mass matrix is diagonalized to a
real positive diagonal mass matrix by two 2× 2 unitary matrices U and V as follows,
U ∗
(
M2
√
2mW sin β√
2mW cos β µ
)
V † =
(
mχ±
1
0
0 mχ±
2
)
. (30)
B Analysis of the global minimum of the scalar po-
tential
In this appendix, we analyze numerically the global minimum of the scalar potential
in four-field space (hd, hu, L˜, τ˜R), and probe upper bound of µ requiring that the
electroweak-breaking minimum is the global minimum. Note that hu is the same as
φ in the main text and hd is the down-type neutral Higgs field. The tree level scalar
potential which only includes dominant top/stop loop correction in four-field space is
given as follows,
V = (µ2 +m2Hd)(H
0
d)
2 + (µ2 +m2Hu)(H
0
u)
2 − 2BµH0dH0u
+ y2τ
((
L˜2 + τ˜ 2R
)
(H0d)
2 + τ˜ 2RL˜
2
)
− 2yτµτ˜RL˜H0u +m2L˜L˜2 +m2τ˜R τ˜ 2R + 2yτAτ τ˜RL˜H0d
+
g′2
2
(
−1
2
(H0d)
2 +
1
2
(H0u)
2 − 1
2
L˜2 + τ˜ 2R
)2
+
g2
8
(
(H0d)
2 − (H0u)2 − L˜2
)2
+
g′2 + g2
8
∆t(H
0
u)
4, (31)
where H0d = v1 + hd/
√
2, H0u = v2 + hu/
√
2 and ∆t is given by Eq. (16). The scalar
potential (31) includes only real parts of scalar bosons. When the scalar potential (31)
is expanded around the electroweak-breaking vacuum and the down-type neutral Higgs
field is omitted, it reproduces the scalar potential (15).
In Figure 5, we show the upper bound of µ requiring that the electroweak-breaking
minimum is the global minimum as a function ofm2Hu for tanβ = 50 (left-hand side) and
tanβ = 10 (right-hand side). In both of the panels, mL˜ = mτ˜R = 400 GeV, Aτ = 0 GeV
and ∆t = 1. Green dashed lines show the meta-stability bound (17). Dotted lines are
contour plots of
√
Bµ. Gray areas denote the regions where electroweak symmetry
breaking can not be achieved.
Moreover in Figure 6, we showed the upper bound of µ requiring that the electroweak-
breaking minimum is the global minimum as a function of
√
Bµ. We take tan β = 10,
mL˜ = mτ˜R = 400 GeV, ∆t = 1 and Aτ = 0 GeV (blue solid line), −500 GeV (red
dashed line). Green dashed line shows the meta-stability bound (17). Gray lines are
contour plots of m2Hu .
We found that regardless of the sign of m2Hu , the parameter m
2
Hu does not affect
the upper bound of µ. We also found that the low
√
Bµ and low tan β regions can
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Figure 5: The upper bound of µ requiring that the electroweak-breaking minimum is
the global minimum as a function of m2Hu . We take tanβ = 50 (left) and tan β = 10
(right). In both of the panels, mL˜ = mτ˜R = 400 GeV , Aτ = 0 GeV and ∆t = 1.
Green dashed lines show the meta-stability bound (17). Dotted lines are contour plots
of
√
Bµ [GeV]. Gray areas denote the region where electroweak symmetry breaking
can not be achieved.
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Figure 6: The upper bound of µ requiring that the electroweak-breaking minimum is
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affect the upper bound of µ and these regions are sensitive to Aτ . The reason is that
because these regions exhibit lowMA, hd component gives considerable contribution in
the scalar potential (31) , which then brings down another charged-breaking vacuum
which becomes the global minimum earlier than the usual charged-breaking vacuum.
Furthermore, we found that the shape of scalar potential (31) remains unaltered by
a change of m2Hu and
√
Bµ, except low
√
Bµ and low tanβ regions. These results
imply that the approximate meta-stability conditional function (17) can be considered
reasonable except in the low
√
Bµ and low tan β regions.
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